The process γγ → ppK + K − and its intermediate processes are measured for the first time using a 980 fb −1 data sample collected with the Belle detector at the KEKB asymmetricenergy e + e − collider. The production of ppK + K − and a Λ(1520) 0 (Λ(1520) 0 ) signal in the pK − (pK + ) invariant mass spectrum are clearly observed. However, no evidence for an exotic baryon near 1540 MeV/c 2 , denoted as Θ(1540) 0 (Θ (1540) 0 ) or Θ(1540) ++ (Θ(1540) −− ), is seen in the pK − (pK + ) or pK + (pK − ) invariant mass spectra. Cross sections for γγ → ppK + K − , Λ(1520) 
c.)B(Θ(1540)
++ → pK + ) are measured. We also determine upper limits on the products of the χc0 and χc2 two-photon decay widths and their branching fractions to ppK + K − at the 90% credibility level. Quantum chromodynamics allows for the existence of exotic hadronic states such as glueballs, hybrids and multi-quark states with valence quark and gluon configurations that are distinct from normal quark-antiquark mesons and three-quark baryons [1] . There is a long history of searches for these types of states, but no solid examples were seen prior to the recent discovery of tetraquark and pentaquark states containing charm and beauty quarks.
A charged charmoniumlike state Z(4430) ± was observed by the Belle experiment in 2007 in the π ± ψ ′ system produced in B decays [2] . In addition to the Z(4430) ± , recently BESIII and Belle also observed a series of charged Z states such as the Z(3900)
± [3] , Z(4020)
± [4] , Z(4200) ± [5] , Z(4050) ± and Z(4250) ± [6] . As such, a charged state must contain at least four quarks; these Z states have been interpreted either as tetraquark states, molecular states, or other configurations [7] .
Very recently, the LHCb collaboration reported the observation of two exotic structures, denoted as P c (4380) + and P c (4450) + , in the J/ψp system in Λ 0 b → J/ψK − p [8] . Since the valence structure of J/ψp is ccuud, the newly discovered particles must consist of at least five quarks. Several theoretical interpretations of these states have been developed, such as the diquark picture [9] and hadronic molecules [10] . Actually, the first strong experimental evidence for a pentaquark state, referred to as the Θ(1540) + , was reported in the reaction γn → nK + K − in the LEPS experiment [11] . It was a candidate for a uudds pentaquark state. However, it was not confirmed in larger-statistics data samples in the same experiment and was most probably not a genuine state [12] . To confirm the pentaquark states discovered by LHCb, further experimental searches for exotic baryons should be pursued. If fully confirmed, exotic baryons would be most naturally explained as pentaquark states. The possibility of observing additional hypothetical exotic baryons in γγ collisions is discussed in Ref. [13] , where Fig. 3 depicts possible diagrams for the exclusive doubleand single-pentaquark productions in γγ collisions. High luminosity electron-positron colliders are well suited to measurements of the two-photon production since they provide a large flux of quasi-real photons colliding at two-photon center-of-mass (CM) energies covering a wide range. Due to the high luminosity accumulated at B factories, searches for exotic baryons in exclusive γγ reactions are possible. The authors in Ref. [13] suggest that single pentaquark production may be viewed as a collision of a non-resonant di-baryon and a di-meson pair. One of the incoming photons fluctuates into two mesons with strangeness; one meson then collides with the hadronic system produced by the other incoming photon. The cross section for the reaction γγ → ppK + K − is predicted to be around 0.1 nb for W γγ ≥ 2(m p +m K ) [13] , where W γγ is the CM energy of two-photon system that is the same as the invariant mass of the final-state hadron system and m p and m K are the proton and kaon nominal masses [14] . This presents the opportunity to search for novel exotic baryons, denoted as Θ(1540) [15] operating at the KEKB asymmetric-energy e + e − collider [16] . The analysis is made in the "zero-tag" mode, where neither the recoil electron nor positron is detected. We restrict the virtuality of the incident photons to be small by imposing a strict transverse-momentum balance along the beam axis for the final state hadronic system.
The detector, which is described in detail elsewhere [15] , is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector, a 50-layer central drift chamber, an array of aerogel threshold Cherenkov counters, a barrel-like arrangement of timeof-flight scintillation counters, and an electromagnetic calorimeter comprised of CsI(Tl) crystals located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to detect K 0 L mesons and to identify muons.
We use the program treps [17] to generate signal Monte Carlo (MC) events and determine experimental efficiencies and effective luminosities for photon-photon collisions. In this generator, the two-photon luminosity function is calculated and events are generated at a specified γγ CM energy (W γγ ) using the equivalent photon approximation [18] [12] .
We require four reconstructed charged tracks with zero net charge. For these tracks, the impact parameters perpendicular to and along the beam direction with respect to the interaction point are required to be less than 0.5 cm and 4 cm, respectively, and the transverse momentum in the laboratory frame is restricted to be higher than 0.1 GeV/c. For each charged track, information from different detector subsystems is combined to form a likelihood L i for each particle species [20] . 
Tracks of interest with
6 is identified as a proton/antiproton with an efficiency of about 95%. A similar likelihood ratio is formed for electron identification [21] . Photon conversion backgrounds are removed by vetoing any charged track in the event that is identified as electron or positron (R e > 0.9); this requirement keeps more than 98.5% of the signals.
There are some obvious e + e − → ppK + K − backgrounds from initial state radiation processes observed as a clear peak at around zero in the distribution of the square of the missing mass recoiling against the four charged tracks ppK
2 ) 2 to remove such backgrounds. To suppress backgrounds with extra neutral clusters in the final state, events are removed if there are one or more additional photons with energy greater than 150 MeV.
The magnitude of the vector sum of the four transverse momenta in the e + e − CM frame, | P * t |, which approximates the transverse momentum of the two-photoncollision system, is used as a discriminating variable to separate signal from background. The signal tends to accumulate at small | P * t | values while the non-γγ background is distributed over a wider range. The | P * t | distribution for the whole ppK + K − mass region for the selected events is shown in Fig. 1 . This distribution is fitted with a signal shape determined from MC simulation and a first-order Chebyshev polynomial to represent the background from non-γγ processes. To check possible peaking backgrounds, inclusive MC samples of
and BB are analyzed. The shaded histogram in Fig. 1 shows the normalized background contribution after all selection criteria are applied, which is consistent with the total background estimated from the fit. − CM frame for the selected ppK + K − events over the entire mass region. Points with error bars are data. The solid histogram is the fitted result, the dashed line is the total background estimate and the shaded histogram is the normalized contribution from inclusive MC samples described in the text.
We obtain the number of ppK + K − events in each ppK + K − invariant mass bin (n fit ) by fitting the | P * t | distribution between zero and 1.0 GeV/c. The signal shape is obtained from MC simulation in the corresponding mass bin and the background shape is parameterized as a first-order Chebyshev polynomial. The background shape is fixed to that from the overall fit due to the small statistics in each mass bin. The resulting ppK + K − invariant mass distribution is shown in Fig. 2(a) .
The cross section σ γγ→ppK + K − (W γγ ) is calculated from
where dLγγ dWγγ is the differential luminosity of the twophoton collision, ǫ is the efficiency, ∆W γγ is the bin width, and n fit is the number of signal events in the ∆W γγ bin.
The γγ → ppK + K − cross section is shown in Fig. 2(b) , where the errors are statistical only. No clear structure is seen in this distribution and the largest value is around 40 pb, which is lower than the rough estimate of 100 pb from Ref. [13] . To search for Kp intermediate states, we require transverse momentum balance for the ppK + K − system by imposing | P * t | < 0.17 GeV/c, which was optimized by maximizing the value of S/ √ S + B. Here, S is the number of fitted Λ(1520) 0 signal events and B is the number of fitted background events in the Λ(1520) 0 signal region. Distributions of M (pK − ) vs. M (pK + ) and M (pK + ) vs. M (pK − ) for the selected ppK + K − events are shown in Fig. 3 . Horizontal and vertical bands can be seen in Fig. 3(a) 
candidate events. Figure 4 shows the pK − and pK + invariant mass distributions, where for the M (pK + ) distribution the pK − mass is required to be outside Λ(1520) 0 signal region between 1.49 and 1.55 GeV/c 2 . To extract the signal and background yields in the | P * t | signal region and the corresponding sideband region, defined as 0.6 GeV/c < | P * t | < 1.0 GeV/c, unbinned maximum likelihood fits to the pK − invariant mass distributions are performed simultaneously. The shapes of the Λ(1520) 0 and Θ(1540) 0 signals with mass resolutions of 6.5 MeV/c 2 are obtained from MC simulations with energy-dependent widths and phase space factors included. In the fit, a second-order Chebyshev polynomial is used for the backgrounds in addition to the normalized | P * t | sideband contribution. Similar fits with a Θ(1540)
++ signal are performed to the pK + invariant mass distributions. Figure 4 L(x)dx= 0.9 [22] , where x is the number of fitted signal events and L(x) is the likelihood function in the fit to the data, convolved with a Gaussian function whose width equals the total systematic uncertainty. Figure 8(a) shows the K + K − invariant mass distribution of the selected candidate events, where a clear φ signal is observed. An unbinned extended maximum likelihood fit is applied with a Gaussian resolution function with free parameters as the φ signal shape and a first-order polynomial as the background shape. From the fit, we obtain 88 ± 12 φ signal events. The φ signal region is defined as the ±8 MeV/c 2 interval around the φ nominal mass [14] , as indicated by the arrows in Fig. 8(a) , and φ sidebands are defined as 1.002 GeV/c
The φpp invariant mass distribution within the φ signal region is shown in Fig. 8(b) , where the shaded histogram is from the normalized φ-sideband events. There are no evident structures. The sum of the φp and φp invariant mass distributions is shown in Fig. 8(c) . No significant evidence of an ss partner of the pentaquark states P c (4380) and P c (4450) [8] is observed.
Systematic error sources and their contributions to the cross section measurements are summarized in Table I . The particle identification uncertainties are 1.4% for each kaon and 2.4% (2.0%) for each proton (anti-proton). A momentum-weighted systematic error in tracking efficiency of about 0.4% is taken for each track. The statistical error in the MC samples is about 0.5%. The accuracy of the two-photon luminosity function calculated with the treps generator is estimated to be about 5%, including the error from neglecting radiative corrections (2%), the uncertainty from the form factor effect (2%) [17] , and the uncertainty in the total integrated luminosity (1.4%). The trigger efficiency for four-chargedtrack events is rather high because of the redundancy of the Belle first-level multi-track trigger. According to the MC simulation, the signal trigger efficiency increases with the ppK + K − mass. The uncertainty of the trigger simulation is less than 4% [23] . The preselection efficiency for the final states has little dependence on the ppK + K − invariant mass, with an uncertainty smaller than 2.5%. From Ref. [14] , the uncertainty in the world average value for B(Λ(1520) 13%, 16%, 42% and 25% for ppK
0p K + , and Θ(1540) ++p K − , respectively. For a ppK + K − invariant mass above 3.1 GeV/c 2 , we measure the production rate of charmonium states. In measuring the production rates, | P * t | is required to be less than 0.17 GeV/c in order to reduce backgrounds from non-two-photon processes and two-photon processes with extra particles other than the signal final state. Figure 9 shows the ppK + K − invariant mass distribution. No clear χ c0 or χ c2 signals are seen. The mass spectrum is fitted with two incoherent Breit-Wigner functions convolved with a corresponding Gaussian resolution function as the χ c0 and χ c2 signal shapes, and a second-order Chebyshev polynomial as the background shape. The fit result is shown in Fig. 9 as a solid curve, where the dashed line is the fitted background and the shaded histogram is the normalized | P * t | sideband contribution. The statistical signal significances are 0.2σ and 0.8σ for the χ c0 and χ c2 , respectively. The invariant mass distribution of ppK + K − in the charmonium mass region with the requirement | P * t | < 0.17 GeV/c. The shaded histogram is the normalized | P * t | sideband contribution. The points with error bars are data, the dashed line is the fitted total background and the solid curve is the best fit.
Since no significant signals are observed, the 90% C.L. upper limits on the χ c0 and χ c2 yields are determined to be 16.4 and 18.0, respectively. In these calculations, we assume there is no interference between the charmonium and the continuum amplitudes. A systematic error estimate similar to that for the cross sections results in total systematic errors of 29% and 13% for Γ γγ (R)B(R → ppK + K − ) for R = χ c0 and χ c2 , respectively.
The product of the two-photon decay width and branching fraction is obtained from the relation Γ γγ (R)B(R → final state) = N/[(2J + 1)ǫ KL int ], where N is the number of observed events, ǫ is the efficiency, J is the spin of the resonance, and L int is the integrated luminosity. The factor K is calculated from the two-photon luminosity function L γγ (M R ) for a resonance with mass M R using the relation K = 4π 2 L γγ (M R )/M 2 R , which is valid when the resonance width is small compared to its mass. The K factor is calculated to be 1.15 fb/eV and 0.95 fb/eV for the χ c0 and χ c2 , respectively, using treps [17] . The efficiencies are 2.77% and 3.97% for the χ c0 and χ c2 , respectively. From the above results, we obtain upper limits of 0.53 eV (J = 0) and 0.10 eV (J = 2) for Γ γγ (χ cJ )B(χ cJ → ppK + K − ).
In summary, we observe the process γγ → ppK + K − and search for the first time for possible exotic baryons Θ(1540) 0 and Θ(1540) ++ decaying to pK − and pK + in the two-photon process γγ → ppK + K − . Clear γγ → ppK + K − signals are observed. While the Λ(1520) 0 signals in pK − invariant mass spectrum are also observed, no evidence for any exotic baryon is seen in the pK − or pK + invariant mass spectrum. For all of the abovementioned processes, the cross sections are measured for the first time. The cross sections for γγ → ppK + K − are lower by a factor 2.5 or more than the theoretical prediction of 0.1 nb in Ref. [13] . At the same time, no clear χ c0 or χ c2 signal is seen in the ppK + K − invariant mass spectrum, and 90% C.L. upper limits on the products of the two-photon decay width and branching fraction of the χ c0 and χ c2 to ppK + K − are established.
